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Abstract. High spatial resolution column atmospheric water vapor amounts and equivalent liquid water
thicknesses of sttffaee targets arc retrieved from spectral data collected by the Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS). The retrievals are made using a nonlinear least squ_es curve fitting technique. Two case
studiesfromAVIRIS (lalnacquiredoverDeaver-Plattevillcarea.ColoradoandoverDeathValley.California are
Ixesented.The columnwatervaporvaluesderivedfromAVIRISdataovertlmDenver-Plattovilleareaarccompared
withthoseobtainedfromradiosondes,groundlevelupward-lookingmicrowaveradiometers,andgeostadonary
satellitemeastu_monts.The columnwatervaporimageshowsspatialvariationpattcmsrelatedtothepassageofa
weather front system. The column water vapor amounts derived from AVIRIS data over Death Valley decrease with
increasing surface elevation. The derived liquid water image clearly shows mfface drainage patterns.

I. Introduction

Water vapor ts ore of the most important atmospheric gases. The integrated water vapor content from ground
to space has important applications to meteorology, hydrology, climate, and radio intefferometry. In this paper, the
integrated water vapor content is referred to as column water vapor amount or as prceipitable water vapor (PWV).
The liquid water content of vegetation is related to the stress conditions of vegctaaon. Remote sensing of liquid
water content of vegetation has important applications to forestry and agriculture. The soil moisture content is
important to agriculture, forestry, hydrology, and engineering geology.

Satellite remote sensing of PWV with an acem'aey of approximately 10%over the oceansusing microwave
emission measurements is a proven technique (Alishouse, 1983). However, the variability of land surface
microwave emissivities poses diffieultles in determining PWV over land from satellite microwave data. Column
water vapor retrievals over land from satellite IR emission measurements using, for example, the split window
technique (Cheste,rs ctaI., 1983) are possible during clear conditions.

Recently, _ore have been several reported successes in remote sensing ofcolumn atmospheric water vapor
amounts from akeraft measurements of solar radiation reflected by the land sm'faec near 1 lira (One and Goeaz, 1990;
Conel ctal., 1989; Prouin et al., 1990). _ remote sensing techniques are referred to as optical techniques. Gao
and Goeaz (1990) have also reported the derivation of moisture content of ve.getafion using liquid water absorption
featuresnear 1 Idm.

Column water vapor amounts can be oblained from the ground with upward-looking microwave radiometers
(Hogg et al., 1983). The Wave Propagation Laboratory (WPL) of the National Oceanic and Atmospheric
Administration (NOAA) operates a limited network of dual-channel microwave radiometers (Westwater and Snider,
1989). Radiometers are now routinely operated at Stapleton International Airport in De.aver, Colorado and at
Plattevillc, Colorado (approximately 60 km north of Denver). In order to verify the optical techniques, an
experiment was designed. Specifically, the Airborne Visibledlnfrared Imaging Spectrometer (AVIRIS) (Vane, 1987)
was requested to make measurements over the Denver-Plattcville area. Column water vapor amounts were to be
retrieved from AVIRIS data and then compared with column water vapor amounts measured with the two microwave
radiometers menlioncd above. The AVIRIS made the measurements around 19:40 _ ')2 March 1990. At this
time, the sky was clear. However, snow started later in the day. The AVIRIS measurements happened to be
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conducted in thc middle of another experimental project, the Winter Icing and Storm Project _ISI_O) (Stankov et
al., 1990) conductedby NOAA ForecastSystems[_boratory (FSL) for determining the udlity of unattended
microwaveradiometersin detecting, and providinginputto forecastsof aircrafticing. WIsPg0 collected data from
microwaveradiometers, infraredradiometers, lid_r ceilome_ers,radio-acousticsoundingsystems(RASS), and
radiosondesat severallocationsin Colorado.Also, meteorological parameterswere collectedfrom approximately20
surfacestationsin Colorado.Meanwhile, datafrom the Visible Infrared Spin ScanRadiometer(VISSR)
Atmospheric Sounder(VAS) on the NOAA GeostationalOperationalEnvironmentalSatellite(GOES) were
collectedand archivedby NOAA FSUs Programfor RegionalObserving andForescastlngServices(PROFS). The
WISPg0 dataprovidedinformationon tic meteorologicalconditionsaround the AVIRIS measurementsandallowed
better interpretationof theAVIRIS and the microwave radiometers data.In this paper, thewater vapor
measurementsw_thAVIR1S, microwave radiometers,andVAS arecompared.

AVIRIS measurements over Death Valley, California were obtained on September 29, 1989 as part of the
Geologic Remote Sensing Field Experiment (GRSFE). At the time of the overflight, some surface areas were wet,
based on field observations. Measurements of reflectance spectraof samples collected from the field clearly showed
liquid water absorption features near 0.98, 1.2, 1.6, and 2.2 l.tm. Because of the presence of wet surface areas when
the AVIRIS measurements were made, we decided to further test the ability of the algOrithm (Oao and Goetz, 1990)
for simultaneous retrievals of the atmospheric water vapor amount and the surface liquid water content from the
AVIRIS data. The results are described in this paper.

II. Imaging Spectrometers: the Optical Technique

Imaging spectrometers acquire images in hundreds.of contiguous spectral bands such that for each picture
element (,pix¢l) a complete reflectance or emittance spectrum can be derived from the wavelength region covered
(Goclz et al., 1985). AVIRIS is now an operational imaging _ometer. This instrument images the Earth's
surface in'224 spectral bands, each approximately 10 nm wide, covering the region 0,4-2.5 I.tm, from an ER-2
aircraft at an altitude of 20 kin. The ground instantaneous field of view is 20 x 20 m2.

A technique for simultaneous retrievals of atmospheric water vaporamount and surface liquid water content
has been deserihed by Oao and Goetz (1990). In this technique, the quantitative retrieval is made by curve fitting
AVIRIS spectra with calculated spectra near I pm using atmospheric and liquid water transmission models, and a
nonlinear least squares fitting technique. Figure I shows an example of SlXX:tralcurve fitting for retrieving water
vapor amount only. During the fitting process, the water vapor amount and the spectral background, a linear
function of wavelength, are allowed to vary. The best estimates of the water vapor amount and the spectral
background are obtained when the sum of the squared differences between the observed and the calculated spectra is
minimized. Examples of fitting AVIRIS spectra over wet areas for simultaneous retrievals of atmospheric water
vapor and surface liquid water content are presented later in this paper. Our technique is applicable for retrievals from
AVIRIS data obtained on clear days with visibilities 20 km or greater, Because atmospheric scattering is not
modeled directly, the technique is not applicable for retrievals from AVIRIS data measured on h_y days. Under
these circumstances, the scattering effect must be modeled.

lIl. Results

Column water vapor amounts are retrieved from AVIRIS data measured over the Denvet-Platteville area, and
both column water vapor amounts and surface liquid water thicknesses are retrieved from AVIRIS data measured
over Death Valley using the spec0ral curve fiuing technique.

A. Denver-Platteville, Colorado

Figure 2a shows a 0.86 lUn image of the Denver-Platteville area. The AVIRIS radiances were averaged
spatially on a 2 x 2 pixel basis when the image was produced, The spatial averaging was necessary because of the
limitation of our Image processing hardware. The Denver Stapleton International Airport is at the lower left part of
the image; Platteville is at the upper part, Highway 85, which connects Denver and Platteville, is seen as a curved

line. The image covers a surface area of approximately 11 x 68 km 2.

Column water vaporamounts were retrieved by curve fitting the 0.94-I.tm water vapor band. The AVIRIS data
were averaged spatially on a 4 x 4 pixel basis to decrease the computer time. The retrieval took approximately 25
hours on a Microvax II1 computer. Low vertical resolution temperature, pressure, and water vapor volume mixing
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ratio profiles, measured near the airport by a six-channel microwave radiometer, we_ used in the spectral
calculationsduringthecurve fittingprocess.Figure2b shows animage processedfrom th_re.eyed column water

vaporvalues.To producea watervaporimago havingthcsame sizeastheimage inFig.2a.thetea-lovedwater

vapor valucswere zoomed spatiallyon a:2x 2 pixclbasis.The narrow verticalbaron therightsideof Fig.2b
givesthescaleofwatervaporvaluesfrom 0.53cm (black)to0.76cm (white),a very smallrange.The column

watervaporvaluesintheentirescenehad a mean of0.640cm and a standarddeviationof0.044cm. Horizontal

linesinFig.2b areduc tosmallerrorsinthcAVIRIS radiom_ic calibration..L_j_erscalefealurcsarealsoobvious
in Fig. 2b. From the airport to Plattevillc, the image shows a dark-bright-dark-bnght pattern.

A topographic map of the AVIRIS scene is shown in Fig, 2c. Generally, the surface elevation decreases from
the airport area (-1630 m) to PlattcviUc (-1450 m). Small variations of surface clcvation in the east-west direction
are also present. Column watervapor amount usually decreases as the surface elevationincreases, because

atmospheric water vapor concentration decreases rapidly with altitude. Therefore, the column water vapor amount
from the airport to Platteville was expected to incrca._. The dark-bright-dark-bright pattern from bottom to top in
Fig. 2b indicates that real spatial variatiotl, not related to the topographic effects, of water vapor distributions
existed when the AVIRIS data were acquired. The observed spatial variation of column water vapor amount on the
order of 0.1 cm or less indicates'the high precision with which column water vapor amounts can be determined from
AVIRIS data.

Prccipitablc water vapor fields, at a grid spacing of approximately 10 km, over the Rocky Mountain foothills
extending roughly 300 km in both the east-west and the north-south directions were obtained from VAS data using
a regression technique de.scribed by Birkcnheuer (1991). Bias existed between PWV values obtained from rite VAS
data alone and the "true" PWV values. In order to remove l,hc bias, PWV values obtained from VAS data alone were

raised or lowered by a constant based on PWV values measured with microwave radiometers at the airport and at
Platteville. The resulting bias ctxT_ted PWV field at 18:45 UTC 22 March Opproximatcly one hour before the
AVIRIS measurements) revealed a gradient structure in the Dcnvcr-Plalt_ville area, which is similar to the gmdicnt
structure in Fig. 2b.

Figure 3 shows time scfles of PWV at (a) Platteville, Co) Denver, and (c) Elbcrt on 22-23 March 1990. Elbcrt
is located approximately 60 km southeast of Dcnvcr. The continuous curves show 2,rain time series from
microwave radiometers. The mcaanglcs are from the Cross-chain Loran-C Atmospheric Sounding Sysw.xn (CLASS)
radiosondes. The squares arc from the Natio_lal Weather Service (NWS) radiosondes. The dark ckcles am from the
VAS adjusted images, and the open circles from the AVIRIS measurements. The PWV values from AVIRIS and.
from the microwave radiometer measurements agreed to within 0.1 cm, but the rcladve difference is greater than
10%.

Because tl_ PWV values from the microwave radiomcter at Eibc.rt were not used in the bias corrections

discussed above, comparing PWV values from the VAS data with bias corrections to those from the Elbcrt
microwave radiometer measurements is a blind test of the VAS PW'V analysis technique. Fig. 3c shows that the

VAS PWV analysis reported a consistently higher level of PWV over Elbcrt. A possible explanation for the
discrepancy is presented below. Thc ground instantancous ficld or view of VAS data is approximately 10 kin. This
large field of view would tend to blend the lower moisture level at the higher elevation terrain, where the microwave
radiometer was located, with the higher moisture levels at adjacent lower elevation terrains, cffcctivcly raising the
analyzed amount of PWV in a region like that of Elbcrt.

Fig. 3b shows that a PWV dlffercnce of 3 mm existed bctwecn the radiometcr and the radiosonde data at 2300

UTC. This differenc_ was duc to the NWS balloon moving into a region of dry air, and did not rcflcc[ the build-up
of moisture that was observed during this dmc by all three microwave rudiomctcrs. That a build-up was occurring
was also supportcd by the two spccial CLASS radiosondes released at Elbcrt at 0000 and 0300 UTC 23 March. This
increase in moisture was followed by a wcl|-documcnted event of supercooled liquid water that lasted for three days
(Stankov ct al., 1990). The conclusion of the NWS baIloon moving into a dry air region was based on the analyses
(Gao ctal., 1991) of wind profiles measured at the airport and of meteorological data from approximately 20 surface
stations Ioeatcd in different parts of Colorado.
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• B. Death Valley, California

Death Valley is locatc<l in the southeastern partof California, near the Nevada border. AVIRIS dam over the
area were collected on September 29, 1989 during the Geologic Remote Sensing Field Experiment (GRSFE).
Figure 4a shows an AVIRI$ image (0.68 tim) of the site. The valley floor is located between the Trail Canyon
alluvial fan (upper left comer) and the hills of Artists Drive (right side). One road in the upper part of the image
traverses the valley floor. Another road located on the fight portion of the image is nearly parallel to the valley
floor. There are a number of geologic units within the AVIRI$ scene (Hunt and Mabey. 1966). The valley floor
consists of playa and salt units mixed with clay. The bright white areas are mostly pure salts. Fig. 4b shows a
topographic map of the scene. The upper left comer of the image has an elevation of approximately 60 m. The
highest portion of the Artists Drive hills has an elevation of approximately 240 m. The valley floor is very flat and
below sea level, with elevations between approximately -85 and -73 m. The central portion of the valley floor is
slightly lower in elevation than the western and the eastern portions of the valley floor. Also, the southern portion
of the valley floor is slightly lower than the northern portion of the valley floor.-

At the time of the AVIRIS overflight, some surface areas we.re wet. Reflectance spectra of samples collected
from the field were made with the Geophysical and Environmental Research (GER) portable specmmleter. Curve 1
of Figure 5 shows a reflectance spectrum era field sample collected over a wet spot within the bright white area in
the upper part of Fig. 4a. The liquid water features near 0.98, 1.2, 1.6, and 2,2 I.u'nare clearly seen. Curve 2 of Fig.
5 shows a spectrum obtained by ratiolng an AVIRIS spectrum (Spool) over the wet bright white area in the upper
partof Fig. 4a against an AVIRIS spectrum (Spec2) over a drier area just left of the wet white area. The same set or
liquid water features are also obvious. Curve 3 shows a spectrum obtained by ratioing the gpe..c2against an AVIRIS
spectrum (Spec3) over a higher hill area. Atmospheric water vapor features near 0.94 and 1.14 pm are seen. This
indicates that the lower elevation valley floor has more water vapor than the hill areas.

The spectral curve fitting technique described by Gao and Goctz (1990) was used to derive slmultaneously thc
atmospheric column water vapor amount and the equivalent liquid water thickness of the surface from tic AViRIS
data. In this technique, the atmospheric water vapo¢ transmiuanccs were calculated with a narrow-band model and the
liquid water transmittances were calculated using the liquid water absorption coefficients compiled by Palmer and
Williams (1974). Fig. 6a shows the curve fitting of Specl by including only atmospheric wa(ex vapor absorptions
in the fining process. The fitted spectrum has larger values of reflectance than the observed spectrum near 1.2 p.m.
The overall fitting between the two spectra is poor. Fig. 6b shows the curve fitting by including both the water
vapor and the liquid water absorptions in the fitting process. Significant improvement in the overall fit is achieved.

Figures 7a and 7b show the column water vapor image and the liquid water image derived from the AVIRIS
da_a.The water vapor amounts over the hills are sma/ler than those over the valley floor. This is due to the
decreasing aLmospheric water vapor concentration with altitude. The slighdy s_rnallcrwater vapor amounts near the
upper left comer of Fig. 7a than those over the nearby valley floor can also be attributed to the topographic effect.
The liquid water image in Fig. 7b shows clearly the drainage patterns. Based on the topographic map of Fig. 4b,
liquid water will flow from the hills on the right side and from the area near the upper Icft comer into the valley
floor after rain. Also, beamuse the southern portion of the vaIlcy floor has slightly lower elevations than the
northern portion of the valley floor, the liquid water will further flow from top to bottom. A road traversing the
vallcy in the upper part of Fig. 4a is slightly elevated and has acted as a dam, blocking the natural flow of water
from the upper valley to the lower valley and causing more white salt to be deposited in areas north of the road. The
long narrow drainage pattern (Fig. 7b) below the road indicates that the pipe beneath the road allows the water to
flow from the northern to the southern portions of the valley floor. The liquid water thicknesses within the drainage
pattemg vary between approximately 0.04 and 0.46 cm. Areas having large amounts of white salt deposiL_ tend to
have larger liquid water thicknesses. This may bca true indication of the wetness of the salts. Field observations
showed that the white salt areas am wetter than nearby areas not covered by the white salts. On the other hand, the
solar radiation near 1 Hm can penetrate deeper into the white salt than other materials. This can also effectively
increase the liquid water thicknesses over the white salt areas.

By comparing Figures 7a and 7b, it can be seen that over the valley floor the areas with more liquid water
seem to have more atmospheric water vapor. This is most evident over the two large areas having white salt
deposits (one in the upper part of the scene and one in the lower part of the sere). Therefore, the spatial variation
in atmosplmfic water vapor may be related to the evaporation of surface liquid water. The spatial variation of
column water vapor amounts over the valley can not be attributed to the topography because the valley floor is
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relativelyfiatwith elevation differences of 12 m or less. In the future, we plan to make further studies of the
correlations among water vapor, surface liquid water, topography, and mineralogy.

IV. Summary and Conclusions

We comparedPWV soundingsfromthethre__cparatercmolcsensingsystems:Optical,VAS, andmicrowave
radiomctexs.The microwave_mcnts werealsocomparedwithsoundingsfrombothNWS andCLASS
radiosondes.Thc mi_owavc andopticalmeasurementsagreedtowithinIram,andthecomparisonswiththe
mdiosond_were also either good or explainable. Gradient structuresof water vapor are obsexvcd in both PWV
images derived from AVIRIS and VAS data. Because of its large field of view, VAS has difficulties in resolving
small scale features neat sharp discontinuities caused by terrain. Each of the techniques can provide complementary
information of PWV. The optical technique provides column water vapor amounts during clear conditions at a
precision better than l mm and at high spatial resolution. The microwave radiomeaea"provides nearly continuous
data during both clear and cloudy conditions= but only at a Iimitcd sea of locations. Tim column water vapor
amounts derived from microwave radiometer datacan be used to quantitadvdy adjust satellite PWV images provided
by the VA$ sounder (Birkeathcuer, 1991). Because of the good horizontal resolution provided by the optical
technique, optical soundings could provide significant insight into horizontal transport of water vapor. Such
soundings could also be useful for GOES VAS verification.

The column water vapor amounts derived fromAVIRIS data over Death Valley decrease with increasing
surface elevation. The liquid water image shows surface drainage patterns. The spatial variations in atmospheric
water vapor ovcxthe valley may be related to the evaporation of surface liquid water. The distribution of mineral
depositsoverthevalleymay alsobcrelatedtothe surfacedrainagepatterns.

Atmospheric water vapor is a vet), complex, highly mobile species and we have a long way to go to fully
understandand analyzethisvariablc.
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Fig. 1. An example of curve fitting of spectra. The top plot shows the observed spectrum(solid line) and the
fitted spectrum (dashed line). TIc bottom plot shows the percentage diffcxeaccs between the observed and the
fiued spectra.
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Fig. 2. Column water vapor reiriovals from AVIRIS
data measured over the Denver-Plattcville area in
Colorado on March 22, 1990. (a) An image of the
sccn_ processed from radiance of one channd centered
at 0.86 IJm, (b) a column water vapor image over tl_
scene retrieved by curve fitting the 0.94-pm water
vapor band absorption region, and (c) a topographic
map of the scene. The elevations in the topographic
map are In units of feet (1 foot = 30.48 cm). The
distance from left to right side of the two images in
this figure is approximately I 1 kin,
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Fig. 4. (a) An image of Death Valley. California processed from radiance of one AVIRIS channel at 0.68 l_m,
and (b) a topographic map of the scene. The elevadons in the topographic map are in units of feet (I foot _ 30.48
era). The distance from left to right side of the image in this figure is approximately 12 kin.
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Fig. 6. Curve fitdng of an AVIRIS spectrumover a bright, wet salt area. The top plot shows the observed
spectrum(solid line) and the fitted spectrum(dashedline). Only the water vapor absorptionis included in the
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